ABSTRACT: The purpose of this paper is to estimate the evaporation rate in the purification of wastewater by aquatic plants with aeration. Evaporation of surface water is important in dewatering processes. In particular, this is true in arid climates, where evaporation rates are high. Aeration is known to enhance the wastewater purification process, but it increases concurrently the water evaporation rates. Evaporation and evapotranspiration rates were tested under field and laboratory conditions. Batch experiments were performed to study the levels of evaporation and evapotranspiration in freewater-surface, aquatic-plant systems. The experiments verified that, in these systems, the rate of evaporation increased as a result of aeration in the presence and absence of the aquatic plants. The evaporation rates resulting from aeration were found to be significant in the water balance governing the purification process. A preliminary model for description of the effect of rising air bubbles on the transport of water vapors was formulated. It is shown that aeration may account for a significant part of water losses that include surface evaporation. Water Environ. Res., 78, 880 (2006).
Introduction
Natural systems, such as aquatic systems, constructed wetlands and overland flow systems, have been studied and used for treatment of municipal wastewater since the early 1950s. Aquatic plants, such as the water hyacinth (Eichhornia crassipes), pennywort (Hydrocotyle umbellate), and duckweeds (Lemna spec.) (U.S. EPA, 1988) can be used in a system for wastewater treatment and, in particular, for purification of urban wastewater. Aeration of these systems helps to handle higher organic loading and reduce required pond areas to protect fish against mosquitoes and minimize hydrogen sulfide gas production (U.S. EPA, 1988) . In aquatic plant systems, bubble aeration is common.
The major characteristics of water hyacinths, which made them an attractive biological support media for bacteria, are their extensive root system and rapid growth rate. The major advantage of duckweeds is their lower sensitivity to cold climates, while their shallow root systems and sensitivity to wind are considered to be drawbacks.
The known limitations of wetlands are seasonal and reflect the coincidental growth of plants and rising temperatures. The rates of biological decomposition slow down as the temperature decreases (U.S. EPA, 2000) . Effective water management of wetlands requires understanding of the way in which the water budget components are interacting (Goodin et al., 1996) .
Researchers in evapotranspiration studies are often faced with the difficulty of its separation into water evaporation across interfaces and plant transpiration. Transpiration and evaporation of water by vegetation are important components of energy and material transport and exchange at the earth's surface.
Evaporation of surface water is important in dewatering processes. In particular, this is true in arid climates, where evaporation rates are high. Evapotranspiration is combined water loss from a vegetated surface area via plant transpiration. The plant evapotranspiration rate depends on the plant species (U.S. EPA, 2000) , and rates of 1.5 to 2 times the pan evaporation are reported in the literature. Kadlec and Knight (1995) recommend that evapotranspiration be assumed equal to 70 to 80% of pan evaporation values when a fully vegetated, free-water-surface system is considered.
Evapotranspiration is a major component of the water balance in semi-arid wetlands (Winter, 1992) , but few studies have addressed its kinetics in regions with this kind of climate. Evapotranspiration is typically the largest consumer of incoming energy in wetlands (Priban and Ondok, 1985) , but it also has a great influence on water temperature, water level, and salinity.
A wide variety of models and techniques can be used to estimate the exchange of water vapor between wetlands and the atmosphere (Christiansen, 1968; Kadlec and Knight, 1995; Linacre, 1976; Sánchez-Carrillo et al., 2001 ). Linacre's theory (1976) suggests that there is a reduction in water loss by evapotranspiration when emergent macrophyte cover increases. Evapotranspiration decreases because of the specific micrometeorology of the macrophyte belt (high air humidity, limited air exchange resulting from low wind velocities, lower air temperatures, and weaker solar irradiance) in semi-arid aquatic ecosystems.
Analysis of evapotranspiration of wetlands was performed by Chen et al. (2002) . Regional evapotranspiration was then estimated from the data layers in the geographic information system (GIS). The vegetation and moisture coefficient (VMC) was estimated for calculation of actual evapotranspiration. A GIS was used to manage the data and estimate the VMC. As a result of its relatively few ground parameter requirements, the VMC method developed in this study has a high potential for application to evapotranspiration estimation over heterogeneous land-cover areas, without the need for a dense network of ground stations. By obtaining coefficients from three homogeneous land-cover areas, one can then calculate evapotranspiration values for areas with various fractions of vegetation cover and soil moisture.
Evapotranspiration is the main consumer of water in a wetland and is the most important component of the water cycle therein. Considering the full wetland scale, evapotranspiration depends on water-level fluctuations, which establish the open-water-tomacrophyte-cover ratio (Sánchez-Carrillo et al., 2004) . In this study, a relationship was developed between transpiration and evaporation in different water-level scenarios in semi-arid conditions. Laboratory-scale tests on raw and pretreated leachate from municipal sanitary waste were carried out with four vegetable aquatic and terrestrial species at different organic loads (Cossu et al., 2001) . The free-floating aquatic species, including Eichhornia crassipes, were tested for purification of leachate from municipal solid waste. The mean evapotranspiration in the test tanks was 64 and 58 mm/d in the Lemna minor and Eichhornia crassipes experiments, respectively.
The aim of this study is to estimate the effect of bubble aeration on evaporation rates in the presence of floating plants. To this end, the aeration effects on water loss from wastewater were tested, and a preliminary model for description of the effect of rising bubbles on the transport of water vapors was developed. The experimental results were then compared with a theoretical model of evaporation through aeration.
Experimental procedures
Set 1. Five batch experiments were performed using air supply to simulate the level of evapotranspiration in a floating water plants system under field conditions. Each test unit consisted of a cylindrical tank (floor area 0.057 m 2 ). At the start of the experiments, three tanks were filled with 12 L of wastewater and 8 of the following aquatic macrophytes: Eichhornia crassipes and Pistia stratiotes; and two tanks (without plants) were used as a control. These aquatic plants were obtained from natural specimens grown in freshwater ponds in Israel. Measurements were carried out during November 2002 in the yard of the Civil and Environmental Engineering Department of the Technion (Haifa, Israel), at 18.8 to 20.38C. Evapotranspiration was measured directly by calibrated glass pipes that indicated the water level on days 2, 3, 4, and 7. Airflow was fixed at 5 L/min. Note that, in this setup, deionized water was added to offset loss resulting from evapotranspiration and to set the mixture volume back at the operating level of 12 L. Table 1 summarizes the type and number of plants and aeration conditions in these experiments.
Set 2. Using the same type of tanks, four batch experiments were performed, two of which used aeration, to test the effect of air on the level of evaporation from wastewater under field conditions and in the absence of plants. At the start of the experiments, the tanks were filled with 12 L of wastewater and evaporation was measured on days 1, 4, 5, 6, 7, 8, and 9. The tests were carried out during July 2004, at 35 to 408C. When applied, aeration of each container was set at 5 L/min. Two types of circular ring-shaped bubble aerators were used in experiments; the first had 9 microholes (diameter approximately 10 to 20 3 10 26 m), and the second had 14 microholes for airflow at a rate of 0.005 L/d per hole. In this set, test numbers 1 and 3 were performed without aeration, while aeration was applied in tests 2 and 4.
Set 3. Two batch experiments were performed, one of which used air supply, to test the effect of aeration on the level of evaporation and evapotranspiration with Salvinia Natans aquatic plants under laboratory conditions. The third set of laboratory experiments was performed with 40-L identical containers (0.39 3 0.56 m 2 floor area). The tests were performed using 30 min/h of artificial light at 4600 to 4700 lux. Evapotranspiration was measured using an installed calibrated glass pipe that indicated the water level on days 1, 2, 3, 5, 10, 13, and 15. Measurements were carried out at 20 to 278C. Aeration was set at 4 L/min.
Results
Set 1. Figure 1a shows a plot of cumulative evapotranspiration versus time measured in five experiments (numbers 4, 6, 8, 9, and 10 specified in Table 1 ) with the two types of plants tested, in the presence and absence of aeration. The recorded evaporation from the control tank (in absence of aeration) was lowest regarding the rate and final value, which reached 1.7 L (or 0.243 L/d) in 7 days. Application of aeration to the control increased the water evaporation rate, and the final value rose to 2.2 L after 7 days (0.314 L/d). Thus, the effect of aeration on water evaporation is estimated at 1.246 L/m 2 /d. In the absence of aeration, the presence of Pistia stratiotes plants in the container increased the evapotranspiration level to 2.23 L after 7 days. Aeration of the tank with 8 Pistia plants increased futher the time rate of evapotranspiration, and the final level after 7 days rose to 3.06 L. Replacing the Pistia with Eichhornia plants, while keeping the same aeration level, produced further increase of the evapotranspiration rate, and the final level reached 3.65 L, after 7 days of the experiment. Thus, the type of plant and aeration determine the evapotranspiration rates from the wastewater treatment test unit. In general, the plants enhance evapotranspiration, with Eichhornia being more effective than Pistia.
Figures 1b, c, and d show a plot of the evaporation and evapotranspiration daily rate and air temperature versus time. In the absence of aeration, the presence of 8 Pistia stratiotes plants in the container increased the evapotranspiration rate to 10.2 L/m 2 /d after 4 days. Aeration of the tank with 8 Pistia plants increased the daily rate of evapotranspiration to a maximum of 12.3 L/m 2 /d on day 4. The increased evaporation and evapotranspiration rates on day 4 can be linked to the effect of a 1.58C temperature rise imposed by the surrounding air on the tested wastewater. In the presence of Eichhornia crassipes and Pistia stratiotes plants and a 5-L/min bubble aeration rate, the average evaporation plus evapotranspiration levels are estimated at 9.15 L/m 2 /d and 7.67 L/m 2 /d, respectively. Figure 2 shows a plot of the increase in evaporation plus evapotranspiration levels resulting from aeration versus time with and without Pistia plants, relative to the unaerated control. These data were calculated using results of the first set. Application of aeration to the control increased the evaporation rate, and its final value rose to 0.51 L (8.9 L/m 2 ) after 7 days. In the presence of Pistia plants, the applied aeration increased the evapotranspiration rate, and the final value rose to 0.83 L (14.6 L/m 2 ) after 7 days. In the presence of Pistia stratiotes plants, the average contribution of a 5-L/min bubble aeration evapotranspiration rate is estimated at 2.1 L/m 2 /d. In the first three days, the presence of Pistia plants produced a lower evaporation plus evapotranspiration level, whereas the opposite prevailed from day 4 and on. This effect may be a result of the smoothly increasing area being covered by plants and the time lag involved in growth of the biological system. The plants serve to reduce the evaporation rate, because the evapotranspiration rate is less than the evaporation rate.
Set 2. Figure 3 shows a plot of volumetric evaporation versus time in the control experiments without plants (in the presence and absence of aeration). In tests 1 and 2, application of 5-L/min aeration to the control increased the evaporation rate, and the final value rose from 3.68 to 4.151 L after 9 days, which is an average of 0.41 and 0.46 L/d, respectively. In tests 3 and 4, the same aeration increased the evaporation rate from 3.23 to 3.91 L after 9 days, which is an average of 0. 
Discussion
Evaluation of evaporation rates is required for estimation of water balance in design of water recycling systems. In what follows, we explain our hypothesis and the effect of aeration on the evaporation process. The modeling was based on laboratory tests. In this purification process, aeration involves the rise of air bubbles (see Figure 5) .
At depth H below the surface, the pressure in a small slow rising air bubble (of radius r and at equilibrium with respect to mass transfer) may be expressed as follows: 
Where n g 5 volume concentration of air molecules, n v 5 volume concentration of water molecules, and P g , P v 5 corresponding pressure components.
Rearranging eq 2 gives the following:
The volume concentration of air and water molecules are given by the following: Rearranging eq 1 gives the following:
Calculations were performed using the following values: T 5 300 K, r 5 5 3 10 24 m, H 5 0.2 m, and q 5 1000 kg/m
This gives n 5 5.126 3 10 23 molecules/m 3 . The volume concentration of water and air molecules are related by the following: The velocity of a 1-mm air bubble, in the Stokes flow regime, can be expressed as follows (Reist, 1984) :
Where m 5 mass of the displaced fluid (water), and l 5 viscosity of fluid, kg/m/s.
Viscosity of wastewater was estimated, as in Sozanski et al. (1997) , to exceed that of water by a factor of 10.
Hence, according to this model, the bubble velocity is U 5 2 0.3262 m/s. The lower bound of the air-bubble velocity can be estimated by the rigid body model as follows (Zimmels, 1984 (Zimmels, , 1986 ): Note that the rise velocity is expected to be higher as a result of slip conditions at the bubble surface. These slip conditions change the aparent viscosity of the involved media. The minus sign indicates that the bubble rises opposite to gravitation.
The emerging bubbles at the free surface of the water cause perturbations. These perturbations change the profile of the surface. If the air flowrate is F and the velocity of the rising bubbles is U (implying an assumption that they are identical in size), the average area crossed by the bubbles is given by the following:
Before bursting, the bubble pushes the surface above its unperturbed level. This increases the surface available for evaporation. This increase, per bubble, cannot exceed the ratio of the surface area of the bubble (4 pr 2 ) to the area of one of its great circles (pr 2 ) (i.e., 4). Consequently, the total exposed area resulting from the emerging bubbles cannot exceed the following: Introducing an emergence factor a, so that the actual change in the area exposed to evaporation is A 5 aF/(2U), 0 a 4 and assuming that a 5 (2pr 2 2 pr 2 )/pr 2 5 1 is more realistic, the result is A/A 0 5 6.725 3 10 23 . Thus, for 2-mm bubbles, we expect that the effect on evaporation of the change in surface profile, as a result of bubble emergence, is approximately 1%. Clearly, aeration at fixed rate F with smaller bubbles increase the surface perturbation effect. The increase is proportional to d 22 . For example, at d 5 0.5 mm, A/A 0 5 0.1076, which is approximately 10%, and becomes more significant in the evaporation rate.
The 0.005 L/d experimental data of evaporation rate provides good agreement with the calculated results, 0.0039 L/d, of evaporation resulting from aeration, the balance being a result of contribution from other sources of evapotranspiration.
Open-water evaporation, macrophyte transpiration, and evaporation in freshwater wetland located in semi-arid Central Spain were analyzed over two meteorological periods between 1993 (Sánchez-Carrillo et al., 2004 . The results indicate that water losses from open-water areas are the greatest contributors to annual wetland evapotranspiration. The authors provide a conceptual model for explanation of wetland evapotranspiration kinetics in relation to vegetation cover, physiological features, and inundation. Annual water loss resulting from reed transpiration ranged from 1300 to 1400 mm/year, with transpiration/evaporation ratios of approximately 0.5. Cut-sedge annual transpiration rates were approximately twice those of reed and cattail and approximately of the same magnitude as open-water evaporation (0.8 to 1.2). Note that the average evaporation rates observed in this study (8.0 6 3.1 mm/d) are higher than those reported in the literature for wetlands (1.5 to 6.9 mm/d; Burba et al., 1999; Parkhurst et al., 1998; Souch et al., 1998) .
Annual evaporation rates in the major lakes across the world are given in The Water Encyclopedia (Van der Leeden, 1990) . Evaporation ranges from 166 to 2610 mm/year. A map of the free-water surface evaporation rate in the United States is presented by Farnsworth et al. (1982) . In Southern regions, evaporation rates are estimated at 1600 to 2000 mm/year, while the 800 to 1000 mm/ year range is typical of Northern regions.
The contribution of 5-L/min bubble aeration to the daily evaporation rate of water (in the presence of Pistia stratiotes) is estimated at 2.1 L/m 2 /d, or 766.5 mm/year. In the presence of Salvinia Natans, aeration of 4 L/min generated an evaporation rate of 1.5 L/m 2 /d (547.5 mm/year). Therefore, for this aeration level, the relative contribution of E a (evaporation resulting from aeration) to annual water losses in Southern regions, defined here as E a / evaporation, is in the 0.27-to-0.34 range.
Conclusions
In summary, the present results confirm that the contribution of bubble aeration to water evaporation ranges from 1.5 to 2.1 L/m 2 /d. In the presence of Lemna minor and Eichhornia crassipes plants, the average evapotranspiration rate (in 0.1156-m 2 -floor-area containers) were reported at 7.4 and 6.7 L/m 2 /d, respectively (Cossu et al., 2001 ). In our tests with the 5-L/min bubble aeration rate, in the presence of Eichhornia crassipes and Pistia stratiotes plants, the average evaporation plus evapotranspiration levels are estimated at 9.15 and 7.67 L/m 2 /d, respectively. In the presence of Eichhornia crassipes plants, the average contribution of a 5-L/min bubble aeration rate, compared with that reported by Cossu et al. (2001) , is estimated at 2.45 L/m 2 /d. In set 1, which was performed with Pistia plants, two aeration levels were used: 0 and 5 L/min (difference of 5 L/min). The contribution of the 5-L/min bubble aeration rate to the daily evaporation rate of water (in the presence of Pistia stratiotes) is estimated at 2.1 L/m 2 /d. In set 3, with Salvinia plants in the final stage, the contribution of 4-L/min bubble aeration in the presence of Salvinia Natans increased the aeration generated evaporation rate to 1.5 L/m 2 /d. Compared with set 1, where the contribution of the 5-L/ min bubble aeration to the daily evaporation rate of water (in the presence of Pistia stratiotes) is estimated at 2.1 L/m 2 /d, this evaporation rate is smaller. Furthermore, Figures 1a and 4 represented data regarding evaporation plus evapotranspiration levels in the presence of two different plants: Pistia stratiotes and Salvinia Natans.
In practice, for maitenance and operation of aerated aquatic plant treatment ponds, a 1-to 2-mg/L average concentration of dissolved oxygen was recommended (U.S. EPA, 1988) . A simple calculation shows that a flowrate of 2 L/min of aeration is necessary to maintain the required oxygen level in 100-m 3 artifitial aquatic plant treatment systems for 624.8 min/d or 10.4 h/d. Therefore, the contribution of bubble aeration systems could be smaller with E a /evaporation in the 0.087-to-0.147 range. However, evaporation losses resulting from aeration can increase significantly once the bubble size is decreased. This calls for careful monitoring of aeration to avoid excessive water losses.
